Neonatal sepsis is a frequent life-threatening problem in neonatal intensive care units, particularly in very-low-birthweight infants (VLBW; infants with birthweight <1500 g) [1] [2] [3] . Early-onset sepsis (EOS; sepsis in infants <72 h old) occurs in 1.5-1.9% of VLBW infants, and late-onset sepsis (LOS; onset after 72 h of life) in approximately 20% [1] . Coagulase-negative staphylococci (CONS), Staphylococcus aureus and fungi are responsible for most neonatal infections [1] . Neonatal mortality in LOS is approximately 18% overall and 36% in Gram-negative sepsis. Sepsis also increases neonatal morbidities including patent ductus arteriosus, need for intravascular access, need for parenteral nutrition, bronchopulmonary dysplasia, necrotizing enterocolitis and length of hospital stay. In addition, sepsis significantly impairs long-term neurodevelopmental outcomes either by direct infection of the CNS or as a result of inflammatory injury [2] . In a large cohort of 6093 extremely low birthweight infants (ELBW; birthweight ≤1000 g), infected infants had a significantly higher incidence of adverse developmental outcomes at follow-up, including cerebral palsy, lower Bayley's scores of infant development and vision impairment when compared with uninfected infants [3] . It is therefore critical that sepsis is diagnosed and treated early to improve neonatal outcomes. Delay in diagnosis and treatment can be life-threatening, but on the contrary overuse of antibiotics may foster antibiotic resistance.
Advances in molecular microbiology have fostered the development of newer molecular assays with the potential to diagnose sepsis rapidly and reliably. Molecular assays can be completed in less than 12 h and may be more sensitive than blood cultures. In addition, the significant increase in workload related to bloodstream infections for the clinical microbiological laboratory could potentially be offset by high-throughput molecular assays coupled with automation [4] . In this article, we will discuss the relevance and applicability of molecular assays in the diagnosis of neonatal sepsis, as well as published studies in the neonatal population.
Neonatal sepsis is a major cause of neonatal mortality and morbidity. The current gold standard for diagnosis of sepsis, namely blood culture, suffers from low sensitivity and a reporting delay of approximately 48-72 h. Rapid detection of sepsis and institution of antimicrobial therapy may improve patient outcomes. Rapid and sensitive tests that can inform clinicians regarding the institution or optimization of antimicrobial therapy are urgently needed. The ideal diagnostic test should have adequate specificity and negative predictive value to reliably exclude sepsis and avoid unnecessary antibiotic therapy. We comprehensively searched for neonatal studies that evaluated molecular methods for diagnosis of sepsis. We identified 19 studies that were assessed with respect to assay methodology and diagnostic characteristics. In addition, we also reviewed newer molecular microbiological assays of relevance that have not been fully evaluated in neonates. Molecular methods offer distinct advantages over blood cultures, including increased sensitivity and rapid diagnosis. However, diagnostic accuracy and cost-effectiveness should be established before implementation in clinical practice. For reprint orders, please contact reprints@expert-reviews.com
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Expert Rev. Anti Infect. Ther. 8(9), (2010) blood culture monitoring systems. These systems use the release of CO 2 (BACTEC™ FX/9000 series, Becton Dickinson, NJ, USA), colorimetry (BacT/ALERT series, bioMérieux, France) or pressure changes associated with the release and consumption of gases (VersaTREK, TREK Diagnostic Systems, OH, USA). In a direct comparison of sensitivities in the diagnosis of 179 episodes of bacteremia, BacT/ALERT and VersaTREK gave comparable results [5] . Although automated systems can save time, subcultures are required for specific biochemical or other assays, ultimately needed for pathogen identification.
Neonatal blood cultures present unique problems with regards to reliability. Fastidious organisms, maternal antibiotic treatment and small specimen volumes decrease the sensitivity of blood cultures. Furthermore, contamination of blood cultures by skin microbiota such as CONS may be problematic. Inadequate sample volume is a frequent problem in children and neonates, and the sensitivity of blood culture improves with increased blood volume [6] [7] [8] . In neonates, where low-grade bacteremia is common (<4 colony-forming units/ml), at least 1 ml is necessary for acceptable sensitivity and specificity of blood culture testing [9] .
An ideal diagnostic test for neonatal sepsis should be rapid, sensitive and specific, while providing detection of all organisms relevant in neonatal sepsis and limiting the effects of maternal exposure to antibiotics. Inflammatory markers, for example, acute-phase reactants, cytokines and chemokines (e.g., C-reactive protein, pro calcitonin, IL-1, IL-6, IL-8, IL-10, granulocyte colony-stimulating factor [G-CSF], TNF-a and soluble ICAM-1 [sICAM-1]), have been evaluated in the diagnosis of sepsis [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Individually or in combination these markers may be useful in the diagnosis of sepsis, but may be falsely elevated in inflammatory states such as surgery or trauma, and do not provide antibiotic susceptibility data to guide therapy [8] .
Search strategy
We searched PubMed using the following keywords: neonate, the root word neonat*, newborn, sepsis, infection, pathogens, low birthweight infants, molecular methods, polymerase chain reaction, hybridization, FISH, microarrays and spectroscopy. All articles concerning neonatal sepsis were retrieved. We also searched the reference lists of the retrieved articles and personal files. We identified 19 articles relevant to neonatal sepsis, of which two were published only as abstracts and one article was in Chinese (Table 1) .
Molecular assays for the diagnosis of neonatal sepsis
Molecular pathogen detection methods are based on hybridization (e.g., FISH or microarrays) or amplification (e.g., PCR) (Figure 1 ). These methods also differ by whether pathogens can be directly identified from patient samples or after initial growth in blood cultures. Sensitivity of any molecular assay is dependent on the yield of bacterial DNA from the extraction process and the presence of inhibitors. The quality of the assay is also affected by contamination (bacterial, fungal or human DNA), laboratory cross-contamination and low levels of pathogen DNA in low-grade bacteremia [10] . Diagnosis of fungal infections pose a challenge as isolation of fungal DNA is difficult owing to thicker fungal cell walls, and fungemia is also usually low grade [11] .
Hybridization-based FISH techniques
FISH involves identifying the organism after hybridization to fluorescence-labeled DNA probes and then visualizing the samples under the fluorescent or confocal microscope. Preliminary steps include incubation of the sample in blood culture media and then hybridization to probes after permeabilizing the cells. Probes usually target rRNA gene sequences and detect pathogens within 1-2 h. Pathogen-specific probes are available commercially or custom designed for the target microorganism. Gescher and colleagues designed a panel of FISH probes that were genus-specific and species-specific for Gram-positive cocci (staphylococci, streptococci, enterococci and others) to identify organisms from blood cultures. This FISH assay had an overall sensitivity of 98.7%, specificity of 99% and achieved rapid and reliable detection of Gram-positive cocci from clinical blood culture specimens [12] . Kudo and colleagues used FISH to identify microorganisms in blood cultures of 60 patients with suspected sepsis [13] . FISH assays identified more organisms than blood cultures (FISH 41.7% vs blood cultures 11.7%), especially in those patients who had been treated with antibiotics (FISH 61.9% vs blood cultures 4.7%). Thus far, no studies have been reported using FISH assays in neonatal specimens.
Peptide nucleic acid (PNA) probes are similar to FISH probes but are synthetic oligomers, where the negatively charged sugarphosphate backbone of DNA is replaced with a noncharged polyamide or 'peptide' backbone. This structural change confers electrical neutrality, improves hybridization to the target and is less sensitive to impurities than FISH (AdvanDx, Boston, MA, USA) (Figure 2 ) [14] . Forrest et al. evaluated the usefulness of PNA FISH for the identification of Enterococcus fecalis and other enterococci commonly reported as Gram-positive cocci in pairs and chains. PNA FISH technique allowed rapid organism identification and institution of antimicrobial therapy, and decreased 30-day mortality [15] . PNA FISH has also been used to differentiate Candida albicans (most strains sensitive to fluconazole) and Candida glabrata (higher incidence of resistance to fluconazole), and was found to be faster than conventional methods, allowed for the optimization of antifungal therapy and reduced therapeutic costs [16, 17] . Differentiation between CONS and Staphylococcus aureus in cultures positive for Gram-positive cocci by the PNA FISH technique resulted in reduced mortality, antibiotic usage and hospital stay [18, 19] .
Amplification methods
PCR amplifies specific target regions in the bacterial genome. Foremost among these regions is the 16S rRNA gene, an ubiquitous gene that is preserved in all bacteria and comprises both conserved and variable regions [20] . The conserved regions are targeted by universal primers for identifying bacterial infection, and the variable regions can be utilized in genus-or species-specific assays [6, 21] . Amplified target regions are then subjected to downstream applications such as sequencing or microarray/probe hybridization.
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DNA extraction methods
Pathogen DNA extraction is the critical step for the success of PCR and other downstream applications as it is imperative to produce high-quality DNA devoid of inhibitors or contaminants [22] . PCR can be applied directly to the patient's blood sample, but it is more often performed after preliminary growth in blood culture media. In the latter method, DNA is extracted using one of several available protocols or with a commercially available DNA extraction kit [23] [24] [25] . Hogg et al. compared four different methods of DNA extraction in 29 methicillin-resistant S. aureus (MRSA)/methicillin-susceptible S. aureus (MSSA)-positive blood cultures and noted that the optimal method was the benzyl alcohol-based extraction [26] . DNA is extracted in less than 2 h and PCR inhibitors (e.g., hemoglobin, anticoagulants, SDA and leukocyte DNA) routinely present in blood culture media were removed. The resulting high-quality DNA showed high specificity (99.2%) and sensitivity (100%) for MRSA when used in downstream PCR assays. Millar et al. compared ten different DNA extraction methods from blood culture that included commercial kits and found that a simple wash/alkali/heat lysis was the most effective method in removing sodium polyanetholesulfonate, a known PCR inhibitor present in blood culture bottles [23, 25, 26] . Compared with manual DNA extraction methods, automated systems allow standardization, reduce hands-on time, allow high-throughput assays and potentially limit technician-dependent errors [27] .
Broad-range PCR assays
PCR amplification strategies targeting conserved regions, such as pan-bacterial (16S rRNA) or pan-fungal (internal transcribed spacer [ITS] regions) assays, are useful when followed by sequencing or hybridization [28] [29] [30] . Broad-range or universal PCR primers are used to detect the presence or absence of bacterial or fungal DNA in patient samples. A pan-fungal PCR assay based on the rRNA sequences for two major fungal organisms (Candida and Aspergillus) followed by hybridization to a specific probe has been described [31, 32] . In the diagnosis of neonatal sepsis, broad-range PCR assays targeting the 16S rRNA gene have been widely utilized (Table 1) [30, [33] [34] [35] [36] [37] .
In the earliest study of neonatal sepsis using PCR, Laforgia et al. evaluated conventional PCR, targeting a universal region of 16S rRNA, and compared it with blood cultures [35] . Venous blood samples from 33 newborns suspected of early-onset sepsis were analyzed along with spiked blood samples from healthy adult volunteers as positive controls. PCR amplicons were detected in all infected adult blood samples as well as culture-positive neonatal blood samples. Two cases that produced negative blood cultures were PCR-positive, and the authors attributed the negative blood culture results to low inocula. Yadav et al. also compared another broad-range PCR targeting 16S rRNA with blood cultures in 100 neonates with suspected sepsis. This PCR assay had 100% sensitivity and 95.6% specificity [36] . In a large study evaluating PCR methods in the diagnosis of suspected neonatal sepsis, Jordan et al. compared broad-range PCR assays with conventional blood cultures in 548 paired blood samples. PCR showed a high sensitivity (96%), specificity (99.4%), positive predictive value (PPV; 88.9%) and negative predictive value (NPV; 99.8%) [33] .
In another large study of 1233 near-term infants (>34 weeks gestational age), PCR using 16S rDNA had similar specificity (97.5%) and NPV (99.2%), but failed to detect a significant number of culture-positive cases (ten out of 17) [34] . The low sensitivity was attributed to small sample volume, and variation in sample collection and sample preparation. Reier-Nilsen and colleagues reported sensitivity, specificity, PPV and NPV of 66.7, 87.5, 95.4 and 75%, respectively, using 16S rDNA-targeted PCR compared with conventional BACTEC Peds Plus/F blood cultures [30] . The study population consisted of 48 neonates with suspected sepsis in the first week of life. Two patients in their study who had negative or inconclusive PCR results produced positive cultures and were clinically diagnosed with sepsis. The low sensitivity was attributed to the low levels of bacteremia in neonatal sepsis. Wu et al. evaluated 830 blood samples from neonates with suspected sepsis using a broad-range 16S rRNA gene-based real-time PCR assay [37] . The real-time PCR assay was positive in all 20 positive blood culture samples, while 30 noninfectious blood samples were negative by both PCR and blood culture. The sensitivity of the real-time PCR assay was 100%, specificity was 97.2% and the index of accurate diagnosis was 0.97 when compared with blood culture.
Dutta et al. evaluated 242 neonates with clinical sepsis using a 16S rRNA gene-based PCR before antibiotic therapy and 12, 24 and 48 h after antibiotic therapy [38] . PCR assay in samples before antibiotic treatment had sensitivity, specificity, PPV and NPV of 96.2, 96.3, 87.7 and 98.8%, respectively. Contrary to previous theories that PCR results are not influenced by antibiotic therapy, only 12% of samples that were PCR positive prior to the start of antibiotic therapy were positive after 12 h of therapy, and none were positive after 24 or 48 h following initiation of antibiotic therapy. Chen et al. used a real-time fluorescent PCR assay to evaluate blood (n = 190) and CSF (n = 5) samples from neonates suspected to have sepsis and meningitis [39] . The sensitivity and specificity of this assay were 100 and 94.4%, respectively, and PCR yielded more positive results than cultures. Villanueva-Uy et al. evaluated 61 newborn infants with suspected late-onset sepsis by conventional PCR using broad-range 16S rRNA primers, and specificity of PCR was computed at 100%, sensitivity at 78%, PPV at 100% and NPV at 83% [40] . Of note, six PCR-negative samples grew Pseudomonas species. Paolucci et al. used a commercially available LightCycler ® SeptiFast assay (Roche Molecular Diagnostics Inc., Branchburg, NJ, USA) for diagnosing sepsis in 34 neonates older than 3 days [41] . This assay had a rapid turnaround time of approximately 8 h compared with 48-72 h. The sensitivity, specificity, PPV and NPV were 75, 86.7, 42.9 and 96.3%, respectively.
Fungal PCR
Briones et al. evaluated 61 newborn infants with late-onset sepsis using primers for the ITS regions ITS3 and ITS4 of the 5.8S rRNA gene (240-430 bp long) by conventional PCR, and this technique had a turnaround time of 9 h instead of greater than 48 h for yeast cultures. The sensitivity, specificity, PPV and NPV of this PCR assay for detection of candidemia were 95, 95, 90 and 97%, respectively [42] . Table 1 . Neonatal studies using molecular methods for the diagnosis of sepsis. 99.8
Rapid detection [33] Shang et al.
Neonates Blood (22) and CSF (4) 30 healthy children were controls Broad-range PCR followed by reverse hybridization with Gram-specific probes
≤6
Test indices not reported [59] Villaneuva-Uy Only abstract [40] Tong et al.
Neonates Blood (n = 285) 16S rRNA-based PCR followed by hybridization to chips with 18 probes 
~4
Did not detect Haemophilus influenzae or enterococci [80] Yadav et al. Rapid detection [36] Makhoul et al. 
<4
Low sensitivity [48] Makhoul et al. 
Low sensitivity [50] Jordan et al.
Near term infants (>34 weeks) Blood (n = 1233) Conventional PCR based on 16S rRNA assay followed by pyrosequencing Rapid detection Low sensitivity [34] Wu et al.
Neonates Blood (n = 600)
Real-time PCR with Gram-specific probes followed by sequencing 
Review
Pathogen-specific PCR assays
The diversity of organisms causing neonatal sepsis limits the utility of pathogen-specific single target PCR assays. Specific PCR-based assays target species-specific or genus-specific sequences, selected using information from documented complete genome sequences. Pathogen-specific PCR assays are typically used when infections with rare organisms are suspected and reliable routine diagnostic tests are not available (e.g., rickettsiosis, brucellosis and Q fever). Tissue samples for such pathogens may include heart valves and tissue biofilms [43] . Genus-specific assays are useful in conditions where species determination may delay the final identification and where genus-level identification may be sufficient for therapeutic considerations (e.g., invasive Aspergillosis and Candidiasis) [44, 45] . Pathogen-specific assays may be useful in perinatal settings where specific pathogens are suspected (e.g., Group B streptococcus [GBS] and Escherichia coli in early-onset sepsis and CONS in late-onset sepsis). Bergseng et al. developed a PCR assay targeting the sip gene, a locus present in all strains of GBS, to detect GBS colonization in pregnant women in Norway [46] . Cultures and PCR were compared in vaginal and rectal swabs from 251 pregnant women and real-time PCR was performed with sensitivity and specificity of 97 and 99%, respectively. Two women who tested positive by PCR but not by cultures were later found to have GBS colonization. This pathogen-specific PCR assay underscores the potential of PCR in the rapid diagnosis of intrapartum GBS colonization that could prompt initiation of earlier prophylaxis for the prevention of neonatal GBS infections.
Another pathogen-specific assay targeting S. aureus has demonstrated promise in pediatric and adult infections. Thomas Dutta et al. Chen et al. Malassezia not detected [82] Briones et al. Review studied Staphylococcus-specific PCR in the diagnosis of both earlyand late-onset neonatal sepsis [48] [49] [50] . In a study of 215 clinical samples of late-onset neonatal sepsis, including 13 cases of staphylococcal bacteremia, sensitivity, specificity, PPV and NPV were 69.2, 100, 100 and 98%, respectively [48] . In a subsequent report that evaluated 148 clinical samples in 111 neonates with sepsis after 3 days of age, Staphylococcus-specific PCR showed a sensitivity, specificity, PPV and NPV of 57.1, 94.7, 53.3 and 95.4%, respectively, compared with Staphylococcus-positive blood cultures [50] . However, Staphylococcus-specific PCR may not be useful in early-onset sepsis due to the paucity of staphylococcal infections [49] .
Multiplex PCR assays
Advances in PCR-based diagnosis of sepsis include multiplex PCR approaches that utilize multiple primer pairs for multiple targets in a single PCR reaction. [51] . A total of 130 clinical samples from neonates undergoing evaluation for sepsis were tested by the multiplex PCR assay, which had a rapid detection time of less than 5 h. This multiplex PCR assay also had a high specificity (93%), NPV (96%) and a 90% concordance rate with blood cultures. PCR assays that rapidly differentiate between Gram-positive and Gram-negative organisms may have clinical value in optimizing antibiotic therapy [52, 53] . Chan et al. evaluated a Gram-specific probe-based amplification strategy in 218 suspected episodes of septicemia in preterm infants [53] . This PCR assay had a sensitivity and specificity of 86.4 and 99.0% for Gram-negative infections and sensitivity and specificity of 73.7 and 98.5% for Gram-positive infections, respectively. In addition, five intra-abdominal infections that were negative by cultures were found to be positive by PCR in less than 5 h. 
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A combined approach consisting of an initial multiplexed broadrange PCR assay followed by a pathogen-specific assay has been applied to the diagnosis of fungal infections. The ITS regions (ITS 1-4) of the rDNA sequences in fungi are interspersed between the highly conserved regions and may have sufficient heterogeneity for species-specific or genus-specific identification [54, 55] . In 24 cases of keratomycoses, PCR amplification of the ITS region followed by sequencing significantly reduced time to diagnosis (24 h vs 5-10 days), with 71% sensitivity [55] . Multiplexing with two probes labeled with two different fluorescent dyes or combining one pan-bacterial probe with one species-specific probe have been useful in the diagnosis of polymicrobial infections [56] .
Commercially available multiplex systems have recently been tested in the diagnosis of adult sepsis. The LightCycler SeptiFast and SeptiTest multiplex PCR system were developed to detect 25 different pathogens. Westh and colleagues conducted a multicenter study to compare the performance of SeptiFast with blood cultures on 558 paired blood samples from 359 patients with suspected sepsis. The SeptiFast assay was concordant with blood cultures in 78% of positive and in 83% of negative results [57] . Dierkes et al. also compared the SeptiFast system with blood cultures from 101 blood samples from 77 patients [58] . In this study, concordance was reported to be 62% for negative and 13% for positive results. In addition, 9% were found to be positive only by blood cultures and 13% were found to be positive by SeptiFast only. Advantages of the SeptiFast system include reduced time to positive results (18-21 h) compared with blood cultures (2 days) and lower contamination rates, but cost-effectiveness needs to be assessed [57, 58] . The detection capabilities of the assay are limited by the primers selected (limiting the number of microorganisms targeted), and the system is further limited by the inability to perform antimicrobial susceptibility testing. However, multiplex PCR assays may be an invaluable adjunct to blood cultures, as they provide rapid information for the early recognition and management of sepsis.
Post-amplification detection strategies
PCR amplification methods combined with sequencing or hybridization have been evaluated in two neonatal studies. Shang et al. used a universal 16S rRNA gene-based PCR followed by reverse hybridization with Gram-positive and Gram-negative specific probes [59] . Neonatal blood samples that were infected were identified by this method, while controls tested negative. Tong et al. performed 16S rRNA gene amplification and hybridized the resulting amplicons to probes on glass slides [60] . When blood specimens from neonates with suspected sepsis were compared with blood cultures, PCR had a sensitivity of 100% and specificity of 96.8%. PCR also identified microorganisms that correlated with blood culture results. One neonatal study by Jordan et al. utilized DNA pyrosequencing to differentiate between bacterial pathogens (643 bacterial isolates and 15 whole blood samples) and found it to be an accurate method for differentiating pathogens causing neonatal sepsis [61] .
Ibis biosensor T5000 (Ibis Biosciences, Abbott Laboratories, IL, USA) combines nucleic acid amplification (usually broad-range PCR primers targeting rDNA or housekeeping genes) followed by high-performance electrospray ionization mass spectrometry that determines base composition of the amplicons [62, 63] . The advantages of this system include the ability to identify all known bacteria and major families of fungi and viruses that are pathogenic to humans in a rapid (4-6 h) and high-throughput format.
Chakravorty et al. developed a novel technique that overcomes limitations in multiplex PCR assays, namely the narrow range of probe regions needed for multiplexing and the inability of the PCR instrument to detect more than six fluorophores simultaneously [64] . They developed a class of mismatch tolerant molecular beacons that had an extended hybridization range for bacterial 16S rRNA. By analyzing the melting temperatures (T m ) of multiple molecular beacon probes, a T m signature of common bacterial species was produced. This method was evaluated in 270 clinical cultures, including 106 patient blood cultures, and was 95-97% concordant with blood culture results with no misidentifications and 100% specificity. Luna et al. performed amplification of the 16S rRNA gene by targeting the conserved regions flanking two variable regions, V1 and V6, and subsequent DNA pyrosequencing provided variable region sequences suitable for genus and species-level identification [65] . A total of 414 isolates from 312 pediatric patients that were difficult to identify by conventional biochemical and morphometric methods were identified by DNA pyrosequencing in approximately 90% of the samples.
DNA microarray platform
Microarrays are matrices of probes for specific genomic targets of organisms, and have been used for direct identification of organisms from patient samples [66] [67] [68] . The ability to combine multiple assays on a single chip is a distinct advantage. Microarrays in addition to pathogen identification can evaluate antibiotic resistance genes and virulence markers, for example, S. aureus methicillin resistance.
One neonatal study by Shang et al. evaluated 16S rRNA-based PCR amplification followed by DNA microarray hybridization in neonatal blood samples derived from 172 infants with clinically suspected sepsis [68] . Compared with blood cultures, this method had 100% sensitivity and 97.9% specificity. In the 17 samples that were positive by PCR, microarray hybridization identified the organisms responsible for neonatal sepsis. This method may hold significant promise for the rapid identification of pathogens responsible for neonatal sepsis.
Other studies evaluating this molecular method in adults with sepsis may also be of relevance to sepsis diagnosis in neonates. Cleven and coworkers designed a DNA microarray consisting of 120 species-specific probes for the evaluation of three important pathogens causing bacterial sepsis, namely S. aureus, E. coli and P. aeruginosa [66] . On evaluation of 42 clinical isolates, three reference strains and 13 positive blood cultures, this microarray was highly specific for the organisms targeted, and testing for antibiotic resistance genes correlated with phenotypic antibiotic resistance assays. Low sensitivity of microarrays may be due to the low amount of pathogen DNA in patient samples, which could potentially be improved by PCR amplification before microarray hybridization. Palka-Santini et al. evaluated a large-scale multiplex PCR (LSplex PCR) using primers that amplify DNA genome Review segments of nine pathogenic species [69] . The amplicons were then hybridized to corresponding probes on a microarray chip. This technique improves the sensitivity of detection by 100-to 1000-fold. In another study, Palka-Santini et al. improved postprocessing of positive blood cultures using PCR amplification of gene segments of S. aureus followed by microarray hybridization. This method was able to identify S. aureus from Gram-negative bacteria and CONS including antibiotic susceptibility on the same day as positive blood cultures [67] .
Tissari and colleagues evaluated a DNA-based microarray platform for pathogen identification from positive blood cultures (Prove-it™ Sepsis assay, Mobidiag, Helsinki, Finland) [70] . This assay amplified gyrB, parE and mecA genes of 50 bacterial species. On evaluation of 2107 positive blood cultures from two centers (UK and Finland), this assay was 18 h faster than the conventional method and had a sensitivity and specificity of 94.7 and 98.8%, respectively. For S. aureus bacteremia, the sensitivity and specificity were 100%. Inacio and colleagues used a novel method for the rapid diagnosis of invasive fungal infections. This technique is characterized by loop-mediated isothermal DNA amplification using nonspecific primers for the 26S rRNA gene followed by hybridization to species-specific probes on a nylon membrane [71] . This new method was reliable in the rapid identification of invasive fungal infections.
Marlowe and colleagues used a rRNA probe matrix consisting of DNA probes targeting rRNA sequences of bacteria and fungi [72] . This novel rapid molecular approach to the identification of bacteria and yeast in blood cultures was highly sensitive (100%) and specific (96%), and discordant with blood cultures by the BacT/Alert ® 3D system (bioMérieux Clinical Diagnostics, Marcy l'Etoile, France) in only 1.75% of samples.
Non-nucleic acid methods
New phage-based pathogen detection assays are available, such as MicroPhage's MRSA/MSSA blood culture test (MicroPhage, Longmont, CO, USA). This assay proposes to detect amplification of S. aureus-specific phages in the presence of methicillin. A multicenter, preclinical study that evaluated the effectiveness of MicroPhage's S. aureus/MSSA/MRSA test directly from leftover positive blood culture specimens has recently been completed [101] . The MicroPhage test will be compared with site standards (gold standard) and market-available tests with similar indications (comparators). The results of this trial have not been reported. Identification of bacteria and fungi using proteomic profiles by matrix-assisted laser desorption ionization time of flight mass spectrometry (MALDI-TOF MS) has also been evaluated [73] [74] [75] . This technique, although rapid, requires specialized equipment and preliminary growth in blood cultures. The combination of PCR amplification followed by MALDI-TOF MS provides the advantage of increased sensitivity, as well as the high-throughput nature of mass spectrometry [76] . This method consists of uracil-DNA-glycosylase-mediated base-specific fragmentation of 16S rDNA PCR products followed by MALDI-TOF MS. Raman and Fourier transform infrared spectroscopy have been used to detect and identify microorganisms, including yeast, after growth in blood cultures. Identification is based on the property of specificity of the spectroscopic fingerprint of the organisms. Identification accuracy was 92.2% for Raman and 98.3% for infrared spectroscopic methods, respectively [77] .
Expert commentary
We reviewed studies that have evaluated molecular micro biological methods in the diagnoses of neonatal sepsis. These studies show that molecular assays, including PCR and hybridization methods, are feasible in neonates and have rapid detection times compared with blood cultures. In neonatal studies (Table 1) , the sensitivity of molecular methods used to diagnose sepsis ranged from 41.1 to 100%, and specificity from 77.2 to 100%. These variations can be attributed to differences in methodology and study design, including DNA extraction methods, as well as the characteristics of the population studied (term vs preterm infants). In addition, prevalence rates of sepsis in the population studied impacts PPVs and NPVs of the diagnostic test. The most widely studied method was broad-range PCR targeting sequences within the 16S rRNA gene. The sensitivity of PCR improved with preamplification culture of samples for 5 h [33, 38] . The sensitivity was low (50%) in the only study that evaluated multiplex PCR targeting eight pathogens [51] . Combination of PCR with hybridization to specific probes or microarrays may improve the diagnostic characteristics of the assays. FISH and PNA FISH techniques enable rapid detection of the organisms after blood cultures are determined to be positive. These assays may impact clinical decisions regarding antibiotic therapy and have the potential to improve clinical outcomes. Organism proteomics and spectroscopic methods used for organism identification require specialized equipment and technical expertise. Cost-effectiveness and the ability of molecular assays to impact clinical outcomes should be evaluated before widespread use in clinical practice. Molecular assays might eventually replace blood cultures, but will continue as a supplement to blood cultures until they are adequately evaluated.
Five-year view
Molecular assays may have a significant impact on the diagnosis and management of neonatal sepsis. Advances in molecular microbiology will lead to more reliable and efficient techniques that can be cost effective. Microarray hybridization and next-generation sequencing techniques can lead not only to rapid identification of organisms, but also to evaluation of organism characteristics such as virulence and antibiotic susceptibility. Another exciting prospect is the ability to quantify bacterial loads (analogous to viral loads), which can then be followed during therapy to assess response. In one study, quantitative assessment of meningococcal burden by real-time PCR correlated with the severity of meningococcal disease and predicted mortality [78] . Similarly, it is possible to estimate bacterial load in S. pneumoniae infection using real-time PCR targeting the pneumolysin (ply) gene and follow subsequent response to therapy [79] . Advances in mass spectrometry and spectro scopy may also identify specific microorganism signatures that can identify pathogens and their characteristics (e.g., virulence).
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Key issues
• Molecular methods may offer advantages over blood cultures in the diagnosis of neonatal sepsis.
• Molecular assays are rapid and require small sample volumes.
• Molecular assays may be automated, enabling high throughput, and reduce microbiological workload compared with blood cultures.
• Molecular methods may evaluate virulence and antibiotic resistance markers that may inform antibiotic therapy.
• Positive results of more sensitive molecular methods (detection of pathogen DNA) in the face of a negative blood culture (absence of viable organisms) need to be interpreted carefully in a clinical setting. Sample contamination may have to be excluded.
• False-negative results from molecular assays may be due to inefficient DNA extraction, presence of low levels of pathogen DNA or the presence of inhibitors.
• High negative predictive values of a diagnostic test may be clinically useful in ruling out sepsis and avoiding unnecessary antibiotics.
• Costs, availability of equipment and technical skills in the microbiological laboratory are important considerations.
• Cost-effectiveness of the newer molecular assays should be established before widespread acceptance in clinical practice.
